This paper studied effects of ultrasonic treatment during the solidification process on structure formation of low carbon steel. Results showed that with ultrasonic treatment grains were refined and the steel ingot avoided the cast widmanstatten structure. When ultrasonic treatment was employed, pearlite was broken and the average length of pearlite was decreased from 550 mm to 140 mm. The corresponding aspect ratio was reduced from 12 to 1. At high magnification the treated pearlite was cloud-like, rather than plate-like, as normal. Ultrasonic treatment also can remove the gas from low carbon steel. These phenomena of low carbon steel generated by ultrasonic treatment were explained.
Introduction
In prior work it was found that external ultrasonic treatment applied in the molten metal could produce a series of beneficial effects. For instance, The structure and properties of ingot and extruded shapes from high-strength Al-ZnMg-Cu alloys were improved after ultrasonic treatment. 1) When the ultrasonic power was 1000 W, the surface quality of horizontal continuously cast Al-1%Si alloy was evidently improved and the grains of cast ingots were refined. And its boundary segregation was suppressed with the increase of ultrasonic power.
2) There were advantages of ultrasonic treatment of aluminum melts for degassing and removing nonmetallic inclusions.
3) The ultimately refined aluminium alloy ingot structure with non-dendritic grains obtained due to ultrasonic treatment increased plasticity of ingots, reduced probability of cracks and was inherited in wrought semis from aluminum alloys with improvement of resource properties. 4) Good degassing and refinement results of 7050 aluminium alloy could be obtained after the melt was ultrasonically treated.
5) The morphology of the Al primary phase of A356 was refined and changed shape from dendritic to nondendritic and the eutectic phase of A356 was also refined and changed morphology from dendritic to plate shape. 6) Tensile strength of AZ91 magnesium alloy was significantly improved by ultrasonic treatment of the melt. 7) Ultrasonic treatment could obviously refine the solidification structure of high carbon steel containing rare earth. 8) Ultrasonic treatment in molten high carbon steel with rare earth could disperse, refine and remove the inclusions. 9) During crystallization with ultrasonic treatment metals, it could be found the decrease of grain size, elimination of acicular structure in most cases, the increase in uniformity of structure and the decrease in size of nonmetallic inclusions and insol impurities.
10) The effects of ultrasonic degassing on the quality of deformed semiproducts of aluminum alloy ingots subjected to ultrasonic treatment during casting were high strength and ductility and no lamination defects.
11) Highintensity ultrasound had been applied to metal shaping, thermal and thermochemical treatment, welding, cutting, refining, and surface hardening. 12) Ultrasonic treatment of melt during its crystallization of magnesium alloy was an efficient method. A large amount of nuclei was formed before solidified front with ultrasonic. This leads to formation of fine-grained structure. 13) Ultrasonic could remove gas and inclusion of liquid steel, improve surface quality and inter structure of casting block. 14) A good degasification could be obtained when the ingot was treated by ultrasonic vibration at an appropriate time. However, the blowhole of an ingot would be increased if the ultrasonic treating time was too long. 15) However, only a few of these prior researches were based on steel. So as an expansion of previous studies, the present one proposed that ultrasonic treatment also exerts influence on structure evolution and degassing of low carbon steel. The objectives of the present investigation were twofold: (1) to find out the effects of ultrasonic vibration on modification of the steel specimen; (2) to explain these phenomena generated by ultrasonic.
Experimental
Compositions of steel employed in the present study is shown in Table 1 . The melting point of specimens is 1530 C measured by the melting point tester. Ultrasonic treatment was applied by a metallurgical generator (300 W and 25.96 kHz measured). The toolhead (Mo-Al 2 O 3 -ZrO 2 ) connected by the end of amplitude transformer (made of titanium alloy) was used to insert into molten steel.
The specimen of 1000 g was melted in a corundum crucible of È55 mm Â 120 mm. The crucible was put into a carbon tube furnace, which was protected by argon. After steel in the crucible was melted completely at 1590 C, it was held for 8 min. Then ultrasonic treatment was applied for 30 s from the surface of melt, and the insertion depth was 15 mm, while maintaining the cooling rate at 1.5 C/s. After ultrasonic treatment, the crucible was removed to a carbon drum and it was cooled to room temperature (18 C$24 C). The corresponding test was repeated without ultrasonic treatment.
After cooling, the density of specimens was measured by HAK-D (an electronic density meter). Specimens were cut transversely at the same point. They were then further polished and etched for observation of their macrostructure using high pixel digital camera (DC), metalloscope and scanning electron microscopy (SEM) with light element energy dispersive spectroscopy (EDS). The quantitative metallographic analysis was studied by QuantLab-MG (a quantitative metallographic analysis software).
Results and Discussion
The optical micrographs (Â50) of the specimens from castings made with and without ultrasonic treatment are shown in Fig. 1 . The casting specimen made without ultrasonic treatment exhibited coarse grain (grain boundary marked in black) and Widmanstatten structure. In addition, the grain size shown in the middle of Fig. 1(a) was in the range of a few millimeters. In contrast, the ultrasonically treated specimen displayed a microstructure of the ferrite matrix interspersed with the broken pearlite ( Fig. 1(b) ). The size of individual pearlite was not distinguishable at such a magnification. Grains were refined with ultrasonic treatment, while the grain boundary (marked in black in Fig. 1(b) ) was not as clear as that without ultrasonic treatment.
Results of quantitative metallographic analysis of pearlite morphology are illustrated in Fig. 2 . Without ultrasonic treatment, the average length of pearlite was about 550 mm and the aspect ratio was about 12. With ultrasonic treatment, the average length and width were all about 140 mm, with an aspect ratio of slightly more than 1. A comparison of the pearlite aspect ratio of untreated and ultrasonically treated low carbon steel implies that pearlite morphology in low carbon steel treated with ultrasonic is not simply a fine form of pearlite in untreated low carbon steel.
Both specimens were characterized with DC at a low magnification of Â1, as shown in Fig. 3 and Fig. 4 . The fine equiaxed grain zone took up almost all the cross section of the treated specimen and the coarse dendrite zone (outside the black line) occupied about two third of the cross section of the untreated specimen, indicating that the structure with ultrasonic treatment is refined. This agreed with that of metalloscope observation above. Densities of untreated and treated ingots were respectively 7.65 kgÁm À3 and 7.83 kgÁm À3 , and there were much porosity in the untreated specimen edge shown in Fig. 3(a) , which demonstrates that ultrasonic treatment can remove the gas in low carbon steel. Figure 5 shows the comparison of pearlite morphology observed by SEM. Figure 5(a) shows pearlite in the specimen not subject to ultrasonic treatment. Pearlite exhibited a typical plate-like form. Thinner and thicker plates were respectively cementite and ferrite. Pearlite morphology in the specimen subject to ultrasonic treatment is shown in Fig. 5(b) . There were some distinct features of pearlite in the ultrasonically processed specimen. Ultrasonically treated pearlite was cloud-like, rather than obvious plate-like, and cementite was dispersedly distributed in the matrix of ferrite. These features also suggest that modified pearlite using ultrasonic treatment is not simply a finer form of the unmodified specimen.
The mechanism by which the finer grains form with ultrasonic treatment could be that: since the cavitation effect (local transient high temperature, high pressure and shock wave) and acoustic streaming by ultrasonic, grains, which have been solidified, are split into smaller particles. In 16) Whether the high melting point compound becomes a nucleus for heterogeneous nucleation depends on lattice disregistry between two phases, i.e.:
Where, is disregistry mentioned above, ðhklÞ s is the lowindex lattice plane of the compound, ½uvw s is the low-index direction of ðhklÞ s , ðhklÞ n is the low-index lattice plane of the new crystalline phase, ½uvw n is the low-index direction of ðhklÞ n , d ½uvw n is the lattice plane distance in the direction of ½uvw n , d ½uvw s is the lattice plane distance in the direction of ½uvw s and is the angle between ½uvw s and ½uvw n . Lattice disregistry () between MnS and -Fe is 8.8%. 17) Lattice disregistry () between MnS and intragranular ferrite is 3.1%. 18) These are both lower than 12% (the lowest percentage under which the heterogeneous nucleus can be formed). Then MnS is able to act as the heterogeneous nucleus. 17, [19] [20] [21] [22] And MnS particles (verified by EDS) are also able to be split into smaller ones, which can be proved by the comparison between the average MnS particle size (about 5 mm) with ultrasonic and that (about 2 mm) without ultrasonic. Two categories of particles split, as mentioned above, can improve nucleation and the grain refinement. The gas produced by ultrasonic cavitation is defined as C i ; The cavitation bubble removed by buoyancy and acoustic streaming is defined as C d which is negative; Because vapor pressure of the original gas in molten steel is bigger than that in the cavitation bubble, the original gas in molten steel enters the cavitation bubble and is removed. The original gas removed is defined as S d which is negative too. Algebra sum of C i , C d and S d is defined as S (S ¼ C i þ C d þ S d ). If S < 0, the total gas in molten steel decreases. S is getting smaller, and then the degassing degree is higher.
Further research is needed to investigate the ultrasonic effect on the nucleation and growth of pearlite in order to fully understand the mechanism of the pearlite variation with ultrasonic treatment.
Conclusion
In summary, results showed that: (1) when ultrasonic treatment was employed, grains were refined and the steel ingot can avoid the cast widmanstatten structure. (2) with ultrasonic treatment pearlite was broken and the average length of pearlite was decreased from 550 mm to 140 mm. The corresponding aspect ratio was also reduced by ultrasonic treatment from 12 to 1. At the high magnification pearlite subject to ultrasonic treatment was cloud-like, rather than obvious plate-like. (3) ultrasonic treatment can remove the gas from low carbon steel.
